To measure the magnitude and orientation of the Zernike terms in keratoconic eyes, with and without rigid gas-permeable (RGP) contact lenses. METHODS. A total of 76 eyes with keratoconus, 58 eyes with keratoconus suspect, and 105 normal eyes were studied. To determine the effect of RGP lenses, 19 eyes with keratoconus, 9 eyes with keratoconus suspect, and 17 normal eyes, with and without an RGP lenses, were compared. Ocular higher-order aberrations (HOAs) were measured with a wavefront sensor for a 4-mm-diameter pupil, and the magnitudes, axes of trefoil, and coma were calculated by vector analysis. RESULTS. Zernike vector analysis showed prominent vertical coma with an inferior slow pattern, with mean axes of 82.5°o r 91.0°in the patients with keratoconus or keratoconus suspect, respectively. The mean axes of trefoil in patients with keratoconus (93.8°) and keratoconus suspect (100.6°) differed from that in normal subjects (35.4°), indicating that keratoconus has a reverse trefoil pattern from that of normal eyes. Although the total HOAs were significantly (keratoconus and keratoconus suspect, P Ͻ 0.001 and P ϭ 0.012, respectively) reduced with an RGP lens, the patterns of the axes of coma and trefoil were reversed with the lens. CONCLUSIONS. In addition to the larger amount of trefoil, coma, tetrafoil, and secondary astigmatism, keratoconic eyes tend to have a reverse coma pattern and reverse trefoil aberrations compared with normal eyes. Although RGP lenses correct the irregular astigmatism, smaller comet-like retinal images in the opposite direction remain due to residual vertical coma. (Invest Ophthalmol Vis Sci. 2007;48:3062-3068) DOI:10.1167/ iovs.06-1285 K eratoconus is a noninflammatory corneal disorder characterized by thinning of the central stroma and anterior corneal protrusion.
K eratoconus is a noninflammatory corneal disorder characterized by thinning of the central stroma and anterior corneal protrusion. 1, 2 To correct the irregular astigmatism induced by ectasia, rigid gas-permeable (RGP) contact lenses are used most commonly, because the spherical anterior surface of the RGP lens is unaffected by the underlying corneal shape. 3 Wavefront technology has been used recently to measure irregular astigmatism as the ocular higher-order aberrations (HOAs) in the clinic. 4 -7 However, the presence of pairs in the Zernike terms with positive or negative values makes it difficult to recognize the characteristics of the HOAs and perform statistical analyses. 8 -10 Campbell 11 proposed reducing the number of Zernike terms by replacing each pair of Zernike terms with one Zernike vector term. The representation of wavefront error data expressed as Zernike coefficients presented in magnitude and axis form has been described in the American National Standards Institute standards (Z80. . Describing the Zernike terms as vector components is similar to expressing regular astigmatism by the cylindrical power and axis. Thus, Guirao et al., 12 using Zernike vector terms, also reported on the magnitude and orientation of regular astigmatism, coma, and trefoil aberrations after small-incision cataract surgery.
Several studies have reported that the corneal HOAs in patients with keratoconus used to analyze the corneal front surface aberration from the topography maps was significantly higher than that of normal subjects. [13] [14] [15] [16] The ocular and corneal HOAs using aberrometry also have been reported. [17] [18] [19] In addition, Xie et al. 20 reported that RGP lenses reduce the HOAs in keratoconic eyes. However, the characteristics of the ocular HOAs using Zernike vector analysis have not been investigated in patients with keratoconus. The purpose of the present study was to investigate the magnitude and orientation of the Zernike terms by using vector analysis in keratoconic eyes and to determine the effect of the RGP lens on the magnitude and orientation of the Zernike terms.
SUBJECTS AND METHODS
Two hundred and thirty-nine eyes of 206 subjects, including 76 eyes of 56 patients with keratoconus (KC group; mean age, 28.5 Ϯ 7.6 years; mean Ϯ SD), 58 eyes of 45 patients classified as keratoconus suspect or forme fruste keratoconus (KCS group; mean age, 28.4 Ϯ 7.0 years), and 105 eyes of 105 normal control subjects (CONT group; mean age, 29.3 Ϯ 7.2 years) were evaluated. The sphere and cylinder of the KC, KCS, and CONT groups were Ϫ4.67 Ϯ 3.28 and Ϫ2.89 Ϯ 1.99, Ϫ3.26 Ϯ 2.83 and Ϫ3.91 Ϯ 2.19, and Ϫ2.03 Ϯ 1.49 and Ϫ0.81 Ϯ 0.75 D, respectively. Only one eye of each normal control subject was used. For the patients with keratoconus, bilateral data were used when accurate data were available, because there are large differences in the severity of keratoconus between right and left eyes.
To compare the HOAs with and without an RGP lens, 19 eyes of 15 patients from the KC group, 9 eyes of 8 patients from the KCS group, and 17 eyes of 17 patients from the CONT group were evaluated. Only eyes of patients with keratoconus or keratoconus suspect and normal control eyes without contact lens-induced warpage were evaluated for the effects of the RGP lens. Selected subjects attended the outpatient clinic of the Department of Ophthalmology at Osaka University Medical School between February 2002 and September 2005. Subjects were excluded who had corneal scarring, cataract, or other ocular diseases and eyes with advanced keratoconus from which reliable wavefront measurements could not be obtained.
Keratoconus was defined as central thinning of the stroma, with a Fleischer's ring, Vogt's striae, or both observed by slit lamp examination.
1,2 Patients with keratoconus suspect were defined as those with abnormal localized steepening observed in the axial power videokeratographic map, according to the 1.5-D scale (Klyce/Wilson scale) for visual inspection, 21 without abnormal findings on the slit lamp examination and visual acuity examinations combined with a diagnosis of keratoconus in the contralateral eye. 22 Subjects who had keratoconus suspect in both eyes were included in the study. The eyes in the CONT group had no ocular diseases except for refractive errors.
The research adhered to the tenets of the Declaration of Helsinki, and written informed consent was obtained from all subjects to perform the wavefront aberration measurements. The institutional review board/ethics committee of Osaka University Hospital approved the study.
The HOAs of the central 4-mm corneal diameter were obtained with the Hartmann-Shack wavefront analyzer (KR-9000PW; Topcon Corp., Tokyo, Japan). All subjects were diagnosed by one physician, whereas the wavefront measurements were performed by other physicians independently. The measurements were repeated in each eye at least three times to obtain well-focused, properly aligned Hartmann images in a dark room without mydriasis. The measurements from eyes evaluated for the effects of the RGP lens were taken when the RGP lens was in the resting position. Of the normal control subjects, none wore contact lenses before the wavefront aberrations were measured without an RGP lens. After not wearing the RGP lens for at least 30 minutes, the eyes of patients with keratoconus or those of keratoconus suspect were measured without the lens. All data from the wavefront analyzer (KR-9000PW; Topcon) database were extracted by using a prototype program for Zernike vector analysis. The Hartmann-Shack system has been described in detail. 17, 23 For each pair of the standard Zernike terms for the third-and fourth-order aberrations, one value of the magnitude and axis was calculated by Zernike vector analysis. The coefficient for the Zernike vector analysis, which expresses the magnitude as the root mean square (RMS) in micrometers, is obtained by the formula
The values of the axes (in degrees) for the Zernike vector analysis are obtained by the formula FIGURE 1. Definition of each Zernike vector term and map pattern. The axis of 30°of trefoil in which the fast wavefront is at 90°, 210°, and 330°o n the circumference is referred to as a fast triangular pattern. The axis of 90°of trefoil in which the slow wavefront is at 90°, 210°, and 330°o n the circumference is referred to as a slow triangular pattern. The axis of 90°of coma in which the slow area is inferior is referred to as an inferior slow pattern, and the axis of 270°is referred to as a superior slow pattern. The relationship of the fast triangular and slow triangular patterns is an opposite axis, the same as the inferior slow and superior slow patterns. 
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If m ϭ 0, the magnitude is obtained using the formula
RMS ϭ c n m
There is no axis associated with the terms where m ϭ 0, because they are rotationally symmetrical.
For the third-and fourth-order aberrations, there are four pairs of Zernike terms for the same radial index value, n, and with the azimuthally indexed values ϩm and Ϫm. The number of the standard Zernike terms can be reduced from 9 to 5 by using Zernike vector analysis. The definitions of each Zernike vector term and Zernike vector map patterns are shown in Figure 1 . The axes of the left eyes were reversed to the median line for enantiomorphism. 24 The averages of the magnitude and axis for each Zernike vector term were calculated, not only by simple averaging of each magnitude but also by vector calculation, similar to the vector analysis of the cylinder used by Jaffe and Clayman. 25 This method is widely used to calculate the induced regular astigmatism after cataract surgery. Although the cylindrical axis ranges from 0°to 180°, there are variations in the axial range for each Zernike vector term (Fig. 1) . Based on the ranges of the axis in Zernike vector terms, the angles were doubled, tripled, or quadrupled during the calculation of the average magnitudes and axes in Zernike vector terms.
Statistical Analyses
To compare the magnitudes of the total HOAs (third-order component [S 3 ] ϩ fourth-order component [S 4 ]), trefoil, coma, tetrafoil, secondary astigmatism, and the spherical aberration among the three groups, the Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks and the Dunn method was used. To compare the mean magnitude of total HOAs and Zernike vector terms, with and without an RGP lens in the three groups, paired t-tests were used if the values were normally distributed, and the Wilcoxon signed rank test was used when the values were not normally distributed. P Ͻ 0.05 was considered statistically significant. All tests of significance were performed with statistical software (SPSS for Windows, ver. 10.0J, 1999; SPSS Inc., Chicago, IL).
RESULTS

HOAs in Eyes in the Three Study Groups
The magnitudes of the total HOAs, trefoil, coma, tetrafoil, secondary astigmatism, and spherical aberrations in the three FIGURE 3. Triple-angle scatterplots of trefoil (A) and scatterplots of coma (B) on polar coordinates. For trefoil, most CONT eyes had a fast triangular pattern. Many KCS and KC eyes were distributed around 90°(slow triangular pattern) and had a higher RMS than did CONT eyes. Vertical coma was dominant in CONT eyes. More KCS and KC eyes are distributed around 90°(inferior slow pattern) and had a higher RMS than did CONT eyes. The magnitudes of trefoil, coma, tetrafoil, and secondary astigmatism aberrations in the KC and KCS groups were also significantly higher than those in the CONT group (P Ͻ 0.05 for all comparisons). The mean magnitude of the spherical aberration in the KC group (Ϫ0.03 Ϯ 0.13 m) was negative and that in the CONT group (0.02 Ϯ 0.03 m) was positive (P Ͻ 0.05). Although the spherical aberration differed significantly between the KC and CONT groups, the differences between the KC and the KCS groups and between the KCS and the CONT groups were not significant. Each of the third-and fourth-order Zernike vector terms is shown on polar coordinates in Figures 3 and 4 , respectively. For trefoil, the mean axis in the CONT group was 35.4° (Table  1) , and most of the control eyes had a fast triangular pattern (Figs. 1, 3A) . In contrast, most eyes in the KC and KCS groups had axes distributed around 90°(averages, 93.8°and 100.6°, respectively; slow triangular pattern, Fig. 1 ).
For coma, a superior slow pattern was dominant in the CONT group (mean axis, 253.7°), and the coma aberration in the CONT group was lower than that in the keratoconus group (Table 1, Fig. 3B ). However, most eyes in the KC and KCS groups also had vertical coma, and most maps showed an inferior slow pattern (82.5°for KC and 91.0°for KCS) that differed from that in the CONT group (Table 1, Fig. 3B) .
The results for tetrafoil and secondary astigmatism aberrations are shown in Figure 4 . Although the magnitudes of tetrafoil and secondary astigmatism in the KC and KCS groups were significantly higher than in the CONT group, the orientation of the tetrafoil and secondary astigmatism did not differ from that in the CONT group (Table 1) .
Effect of RGP Lens on HOAs
The magnitude of the total HOAs, trefoil, coma, tetrafoil, secondary astigmatism, and spherical aberrations measured with and without the RGP lens are shown in Table 2 . The total HOAs in the KC and KCS groups were significantly reduced from 0.72 Ϯ 0.35 and 0.46 Ϯ 0.29 to 0.31 Ϯ 0.14 and 0.19 Ϯ 0.06, respectively, by the RGP lens (P Ͻ 0.001, P ϭ 0.012). The magnitude of trefoil, coma, and secondary astigmatism aberrations in the KC and KCS groups also were significantly reduced by the RGP lens. Although the magnitude of the tetrafoil aberration in the KC group was significantly (P ϭ 0.003) reduced from 0.10 Ϯ 0.06 to 0.05 Ϯ 0.04 by the RGP lens, the difference in the tetrafoil in the KCS group with and without the RGP lens was not significant. The magnitudes of the spherical aberration in the KC and KCS groups changed from negative to positive as a result of the RGP lens wear, but the difference between the values with and without the RGP lens was not significant. The magnitudes of all Zernike vector terms in the CONT group were not significantly different with and without the RGP lens.
The changes due to RGP wear in trefoil and coma aberrations are shown as scatterplots on polar coordinates (Figs. 5, 6 , respectively). Although trefoil tended to have its axis at around 90°(averages, 90.7°and 97.6°; slow triangular pattern) without an RGP lens in the KC and KCS groups, respectively, the axis changed to around 30°(averages, 20.2°and 53.0°; fast triangular pattern) with the RGP lens (Fig. 5B, Table 3 ). Similarly, the axis of coma in the KC and KCS groups showed a reverse pattern at around 70°without the RGP lens (averages, 71.4°and 85.7°, respectively; inferior slow pattern), and around 250°(averages, 240.3°and 245.4°, respectively; superior slow pattern) with the RGP lens (Fig. 6B, Table 3 ). The The mean magnitude (in micrometers) @ the mean axis (in degrees) was calculated from the vector component in all cases. 
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distribution of trefoil and coma in the CONT group did not differ with and without the RGP lens (Figs. 5A, 6A , Table 3 ). Zernike vector analysis of a typical keratoconic eye is shown in Figure 7 . Vector maps of trefoil showed that the markedly slow triangular pattern without the RGP lens (magnitude @ axis for 4-mm-diameter pupil, 0.312 @ 79) changed to a mildly fast triangular pattern with the RGP lens (0.012 @ 28). Similarly, the vector map of coma showed that the high degree of the inferior slow pattern without the RGP lens (0.668 @ 88) changed to a reduced superior slow pattern by the RGP lens (0.287 @ 287).
Simulated retinal images of the Landolt rings showed that cometlike, ghostly patterns oriented inferiorly without the RGP lens changed to smaller comet-like ghostly patterns oriented superiorly with the RGP lens.
DISCUSSION
Several studies have reported that the main characteristic of the HOAs in keratoconic eyes is a marked increase in coma, especially vertical coma. [13] [14] [15] [16] [17] [18] [19] Schwiegerling and Greivenkamp 13 reported that the magnitude of the trefoil Zernike terms in keratoconic eyes was also higher than in normal eyes. Our results confirmed that coma and trefoil in keratoconic eyes were markedly higher, according to Zernike vector analysis.
One of the most interesting points in the Zernike vector analysis was the distribution of the axes for coma and trefoil. The color-coded maps of the HOAs in keratoconic eyes showed a vertical coma pattern with a relatively slower wavefront in the inferior cornea and relatively advanced wavefront in the superior cornea. Usually, the cone is displaced from the central to the inferior or inferotemporal cornea, 26 -28 and the asymmetry in the distribution of the corneal power probably results from the displacement of the corneal apex. 29 We suggest that the inferior slow pattern in keratoconic eyes is caused by this inferosuperior asymmetric pattern in power distribution. However, we are uncertain why keratoconic eyes have a trefoil with a slow triangular pattern in the direction opposite that of the fast triangular pattern in normal eyes.
The magnitudes of the trefoil and coma aberrations and the total HOAs were reduced significantly by RGP lens wear. These results confirm that irregular astigmatism can be corrected by RGP lenses in eyes with keratoconus and are comparable to previously published values. 20 However, trefoil and coma showed a reverse pattern with an RGP lens in Zernike vector analysis. The RGP lens corrected the irregular astigmatism of the anterior corneal surface because the anterior lens surface was the new interface between the air and the eye. In such cases, the posterior corneal surface, the crystalline lens, and the retina play more important roles in the overall image quality. The HOAs resulting from these interfaces are presumably relatively small in the eyes of young and normal subjects, 30 -32 and, except for keratoconus, our subjects did not have ocular disorders, such as cataract and retinal disease.
We suggest that although a decentered RGP lens and the pooling of irregular tear film under the lens may induce irregular astigmatism, 33 the residual irregular astigmatism with the RGP lens in keratoconic eyes may be caused primarily by the FIGURE 5. Triple-angle scatterplots of the trefoil in the CONT (A) and KC and KCS (B) groups, with and without an RGP lens. Most eyes in the KC and KCS groups show a reverse pattern for both groups (i.e., a fast triangular pattern with an RGP lens and a slow triangular pattern without an RGP lens). There are no significant differences with and without RGP lens in the CONT group. CL, contact lens. posterior corneal surface. The relatively smaller difference in the refractive indices between the corneal stroma and aqueous, as opposed to large differences between the air and the tear film is associated with a small amount of irregular astigmatism due to the posterior corneal surface and the large degree of irregular astigmatism due to the anterior surface. Increases in the refractive index at the anterior surface yield plus power, and decreases in the refractive index at the posterior surface induce minus power. The combination of these two factors may play a role in creating the reverse pattern in coma and trefoil. Our study had some limitations. We excluded patients with advanced keratoconus because of the difficulty of digitizing the Hartmann images. The HOAs were measured only for a 4-mmdiameter pupil, to determine the optical quality for day vision and because of the difficulty digitizing the Hartmann images accurately up to the 6-mm diameter in some subjects. In addition, the HOAs might change because of movement of the contact lenses. It is necessary to analyze the serial changes of each Zernike vector term with a contact lens in keratoconic eyes when considering the effects of centration or movement of the contact lenses on HOAs. Another limitation is that our study may have included some effects of contact lens-induced corneal warpage that were undetectable on topographic maps. Although it is necessary to stop wearing the RGP lens to avoid its effects before measurements are obtained, it is very difficult for patients with keratoconus to stop wearing the RGP lenses for long periods before measurements. Finally, Smolek and Klyce reported that a large number of Zernike terms were needed to fit corneal aberrations, depending on the keratoconic stage to analyze the topography maps for the 6-mm diameter with image-analysis software. 34 -36 It will be necessary to analyze larger-order and Zernike terms.
Corneal topography is highly appropriate for evaluating the optical quality of the cornea. However, videokeratoscopy cannot evaluate the effects of abnormal topography of the posterior surface on optical quality. Although slit-scanning corneal topographers can measure the posterior corneal surface, no commercially available instruments can show the HOAs attributable to the posterior corneal surface. Further investigations are needed to analyze the anterior and posterior corneal HOAs directly to strengthen our hypothesis and compare the results from the present study and those from the posterior corneal surface. The mean magnitude (in micrometers) @ the mean axis (in degrees) was calculated from the vector component in all cases.
FIGURE 7.
Zernike vector analysis and simulated retinal image of a typical keratoconus case without (A) and with (B) an RGP lens: 4 mm, measurements for the central 4-mm diameter, and 6 mm, measurements for the central 6-mm diameter. The magnitude (m) @ axis (degrees) was measured (KR-9000PW; Topcon Corp., Tokyo, Japan).
The axes of trefoil and coma were reversed when an RGP lens was worn. When patients with keratoconus were asked about the image quality without an RGP lens, they often reported comet-like, ghostly images oriented mainly inferiorly (Fig. 7A) . Although the RGP lens provides better correction, patients sometimes reported a smaller comet-like ghost oriented superiorly while wearing the RGP lens (Fig. 7B ). These observations indicate that even if patients with keratoconus wear an RGP lens and the visual acuity improves, the quality of vision is not as good as that of normal patients, due to the residual irregular astigmatism possibly from the posterior corneal surface.
We believe that Zernike vector analysis is a simplified method for determining and understanding the characteristics of HOAs and that can be used in the clinic setting. This method allows easy quantification of the characteristics of the HOAs from the maps and statistical analysis, not only for keratoconic eyes but also for eyes before and after refractive surgery and cataract surgery and in the presence of various corneal disorders.
